We present observations of H Ly-α and H 2 emissions on the body of Jupiter obtained during the Cassini flyby in late 20 0 0 and early 2001. The H Ly-α emission is highly organised by System III longitude and latitude, peaking at a brightness of 22 kR between 90 and 120 °longitude. This is known as the H Ly-α 'bulge'. These observations add to a number of previous studies, showing that the feature is very longlived, present over several decades. We show that there is a strong correlation between the prevailing solar H Ly-α flux (measured at Earth) and the peak brightness of the H Ly-α bulge at Jupiter, which supports the notion that it is primarily driven by solar resonance scatter. The H Ly-α brightness distribution is not aligned with the jovigraphic equator, but is approximately aligned with the particle drift equator of some, but not all, major Jupiter magnetic field models. On the time scale of days, the bulge region appears twice as variable as the non-bulge region. We propose that the electron recombination of H + 3 is an important reaction for the generation of the H Ly-α bulge, which requires an enhancement of soft electrons at the location of the bulge. We derive an equatorial H + 3 lifetime of 1.6 ± 0.4 h and a corresponding column averaged electron density of 1.7 × 10 9 m −3 .
throughout the universe, and are produced when an electron moves from the second to the first orbital in the hydrogen atom. The transition produces emission with a wavelength of 121.6 nm in the far-ultraviolet (FUV) part of the spectrum. Since FUV light is absorbed by the Earth's atmosphere, space-borne instrumentation is needed to observe this emission from extraterrestrial sources.
In the upper atmosphere of giant planets H Ly-α is generated by three categories of processes:
1. Excitation of hydrogen by solar H Ly-α photons and prompt re-emission, known as resonance scatter. This produces extended emission in latitude and local-time about noon, on the dayside of the planet. A smaller component can be produced via resonance scatter of interplanetary and interstellar H Ly-α emissions. 2. Excitation of hydrogen by energetic electrons that traverse down the magnetic field lines, generating H Ly-α emission (e.g. Clarke et al., 1989; Melin et al., 2011 ) . 3. There are several chemical reactions that have atomic hydrogen as a product with varying levels of excitation depending of the energetics of the process. Of particular importance are: * Corresponding author. 3 + u ) , and a (2 p π 3 u ), as described by e.g. Khare and Moiseiwitsch (1966) . These reactions can introduce a significant time delay, e.g. between creation of H the magnetic field lines are perpendicular to the force of gravity, which means that the E × B force will transport ions and electron in the vertical direction. Depending on the direction of the electric field, electrons will either be transported up or down in altitude (and vice versa for ions). Dessler et al. (1981) utilised the Goddard Space Flight Center (GSFC) O 4 magnetic field model ( Acuna and Ness, 1976 ) , based on Pioneer 11 flyby in-situ observations of the magnetic field. The alignment of the particle drift equator and the H Ly-α emissions at all longitudes suggested that the H Ly-α brightness is governed by a process connected to Jupiter's magnetosphere. They proposed that large scale convection could drive hot plasma, generated by the volcanic moon Io, into the upper atmosphere, producing additional electron excitation of atomic hydrogen.
Analysing Voyager UVS observations of Jupiter's night-side, McConnell et al. (1980) found a bulge asymmetry present even on the nightside. They modelled the Jupiter H Ly-α brightness expected for resonance scatter by interstellar H Ly-α photons, and found that they were only able to account for 50% of the observed brightness. To make up the difference, excitation by electrons was proposed. Shemansky (1985) modelled the Voyager UVS spectra and found a strong spectral component at 92 nm produced by electron excited hydrogen, suggesting that solar resonance scatter was not the dominant mechanism by which the H Ly-α bulge is produced, and that over 50% of the emission is produced by electron excitation, as also suggested by Dessler et al. (1981) . Ultimately, however, this requires some excitation mechanism that preferentially only excites atomic hydrogen, since electron excited electron H 2 has not been observed at elevated levels at the equator ( McConnell et al., 1980 ) .
The peak brightness of the bulge, as seen by the IUE, has been seen to correlate well with the decreasing solar H Ly-α flux associated the solar-cycle 21 between 1979 and 1986 ( Skinner et al., 1988 ) , suggesting that the main production mechanisms is solar resonance scatter, rendering electron excitation a minor mechanism. Also using the IUE data, McGrath (1991) observed morphological changes in the bulge over time-scales of years, between 1979 and 1991. They observed significant temporal changes, with the emergence of a longitudinal widening of the bulge after September 1989. This shows that the mechanism responsible for the H Ly-α bulge can be subject to dramatic temporal and spatial changes over long timescales. Clarke et al. (1991) observed the bulge using the IUE, measuring the line width of the H Ly-α emissions, which was found to be greater in the region of the bulge, compared to the non-bulge region, indicative of Doppler broadening by winds or by a small superthermal population. Similarly, ( Emerich et al., 1996 ) observed the line broadening to be due to sharp features in the H Ly-α line wings, arguing that they were produced by localised supersonic turbulence in Jupiter's upper atmosphere, with magnitudes of ∼5 km s −1 . The jets were modelled on a global scale by Sommeria et al. (1995) , and they required velocities of ∼20 km s −1 in the auroral region, as to generate the supersonic turbulence at equatorial latitudes of 5.2 km s −1 . This latter velocity is equivalent to an atomic hydrogen temperature of 3200 K, significantly hotter than the ∼800 K observed in the equatorial H + 3
ionosphere ( Lam et al., 1997 ) . There are largely unexplored physical implications for such violently turbulent cells, including the likely large amounts of Joule heating, excitation, and ionisation. It is worth noting that ( Stallard et al., 2001 ) only measures H + 3 velocities in the polar ionosphere of a few km s −1 at an altitude of about 550 km above the 1 bar level and Chaufray et al. (2010) measured atomic hydrogen velocities in the auroral region between 4 and 8 km s −1 at an altitude range between 200 and 1500 km. This forcing is driven by large scale magnetosphere-ionosphere-thermosphere interactions. Midto-low latitude Doppler measurements of H + 3 emissions analysed by Johnson et al. (2016) showed the ionosphere to be rigidly corotating with the magnetic field, with no evidence for any large-scale flows at the equator.
In a parcel of stationary atmosphere, the majority of the atoms will have a velocity close to zero and will therefore emit close to the H Ly-α rest wavelength. Along an extended H column in the atmosphere, there will be significant scattering at the H Ly-α line centre, which means that the only surviving emission from the column originates from the near end, which in our case is near the exobase, the very top of the atmosphere. In other words, at the line core, the vast majority of atoms remain invisible to an observer. H Ly-α emission Doppler shifted away from the line core, produced by H atoms with larger velocities, is subject to much less scattering by overlying H with the same velocity component, and therefore emission in the H Ly-α line wings originate from lower altitudes. Because the H Ly-α line is resonance-conservative in this manner, the Doppler shifted H Ly-α emission observed in the wings by Clarke et al. (1991) and Emerich et al. (1996) originate from altitudes close to the homopause. Clarke et al. (1987) proposed that the H Ly-α bulge is created from proton recombination, analogous to the equatorial plasma fountain at the Earth. This recombination, enhanced by the Lorentz force at the magnetic particle drift equator, would produce fast H atoms that are able to populate the H Ly-α line wings. The characteristics of H Ly-α emission from Jupiter's upper atmosphere are explored in great detail by Ben Jaffel et al. (2007) .
The H Ly-α bulge is one of many unexplained features of Jupiter's upper atmosphere (for an excellent overview, see Yelle and Miller, 2004 ) , and it is currently unclear how many of these challenges are reconciled. Here, in an effort to add to our understanding of this enigmatic region, we characterise the low-to-mid 
Observations and analysis

The Cassini UVIS instrument
The Cassini Ultraviolet Imaging Spectrograph (UVIS; Esposito et al., 2004 ) has both an extreme ultraviolet (EUV) and a FUV telescope. The FUV instrument, used here, has 1024 spectral pixels, and a slit with 64 spatial elements, each covering 1 × 1.5 mrad. The resulting spectral image covers 112-191 nm and has a spectral resolution of R = λ/ λ ∼ 500 . This wavelength region includes the H Ly-α line at 122 nm and the H 2 Lyman and Werner band emissions between 90 and 160 nm.
The Jupiter UVIS observations
The geometry of the Cassini spacecraft relative to Jupiter during the late 20 0 0 and early 20 01 encounter is shown in Fig. 1 . The smallest distance between Cassini and Jupiter during the flyby was 137 R J on 30 December 20 0 0 at 10:05. The observations analysed in this study were performed both before and after the encounter, capturing both dayside and nightside emissions. These observations were obtained when Cassini had a broad view of ultraviolet emissions inside the magnetosphere and have been analysed extensively by Steffl et al. (20 04a, 20 06, 20 08, 20 04b) in relation to the physical properties Io plasma torus, which sits at a distance of about 6 R J . During these observations, the spacecraft scans the Jupiter system, stepping the Cassini UVIS slit across it, which, at the centre, traverses the planet itself. A large number of these system scans were performed, which allows us to analyse The coordinate system is described in the bottom left corner: x is the distance from the planet along the Jupiter-Sun line, y is the distance orthogonal to x in the ecliptic plane, and z is the distance from the ecliptic plane. Closest approach occurred at 20 0 0-365 10:05:0 0, at a distance of 137 R J . The thick lines shows when during the encounter the data used in this study was obtained (see Table 1 ). The schematic illustration of Jupiter is not to scale. both long-term and short-term variability of FUV emissions from the body of Jupiter.
The size of the Cassini UVIS pixels relative to the disc of Jupiter is shown in Fig. 2 , for four different times during the encounter. The spatial resolution is very coarse, but by combining a very large number of low resolution observations we can investigate the spatial distribution of low-to-mid latitude body emissions of H 2 and H Ly-α over the duration of the flyby. The total exposure time on the body of Jupiter is 195.6 h, contained within 1,789 individual spectral images, not all of which traversed Jupiter. This analysis only includes pixels that are completely on the planet, i.e. the vectors of all four corners of a pixel emanating from the instrument must intersect with the 1 bar surface on the planet. Additionally, we only consider observations that were not subject to any spectral or spatial binning. The latitude coverage per degree latitude is shown in Fig. 3 , taking into account the latitude extent of each pixel. There is excellent coverage at mid to low latitudes, but poor coverage at the poles.
The Cassini UVIS data was calibrated using the routines developed at the Laboratory for Atmospheric and Space Physics (LASP) at the University of Colorado, Boulder. A correction factor of the Fig. 3 . The number of Cassini UVIS pixels contained within each degree of latitude, taking into account the latitudinal extent of each pixel. These pixels are completely confined on the planet. We are able to achieve excellent coverage at the equator and very poor coverage at the poles. The post-encounter observations are skewed towards negative latitudes since the spacecraft traversed through the equatorial plane during the encounter.
cosine of the emission angle, which is the angle between the surface normal and the pixel vector, was applied to account for the centre to limb variation of the optically thick H Ly-α emissions. This is an approximation: a more complete treatment would involve a full radiative transfer model (e.g. Ben Jaffel et al., 2007 ) which remains outside the scope of this work.
The data is divided into pre and post-encounter sub-groups, and the pre-encounter data is divided further into five groups, each covering 5 days of observation, then subdivided again, to cover individual days, as shown in Table 1 . These groups will enable us to investigate temporal variability.
The average H Ly-α brightness of the interplanetary background was 0.7 kR before the encounter and 1.4 kR after the encounter, in general agreement with previous measurements at Jupiter ( Pryor et al., 1996 ) . The difference between the pre and post-encounter brightness is caused by the ∼180 °change in spacecraft pointing direction during the encounter. Note that the background emission is blocked out by Jupiter when observing emissions from the body of the planet.
The mapping procedure
The groups of observations listed in Table 1 were projected to planetocentric latitude and System III longitude (or local-time) and averaged, producing spectral cubes, mapping emissions on the planet. We retrieve the Cassini UVIS boresight vector and spacecraft position using NASA's Navigation and Ancillary Information Facility (NAIF, Acton, 1996 ) in the usual manner.
The data is projected to a grid with a resolution of 15 °in both latitude and longitude/local-time, which is about size of a pixel at the highest spatial resolution observation used in this study (see Fig. 2 ). This mapping procedure is similar in concept to that used by Melin et al. (2009) . For the post-and pre-encounter data, only pixels were used that were either completely on the dayside (preencounter) or completely on the nightside (post-encounter). This approach removes pixels that straddle the dawn and dusk meridians, ensuring, for example, that the analysis of nightside H Ly-α is completely void of any bright dayside H Ly-α. In order to separate the H and H 2 components present in the Cassini UVIS FUV spectrum, the H Ly-α line was fitted with a line profile derived from observations of interplanetary H Ly-α. This process takes into account the H Ly-α line profile and the broad Table 1 The Cassini UVIS data used for the analysis of Jupiter's H Ly-α bulge, showing the start and end-time in UT, the number of pixels used, the average resolution per pixel, the total integration time ( t), and whether the observations are nightside or dayside. Cassini's closest approach to Jupiter occurred on 20 0 0-365 10:05 (see Fig. 1 Table 1 , projected to latitude and System III longitude. The dashed-dotted line is the magnetic L -shell at 2.5 R J , whilst the dotted line is at L = 6 R J , which is the distance from Jupiter at which the moon Io orbits. The brightness is capped at 3 kR, whereas the distribution peaks at about 10 kR.
line-spread function of the UVIS instrument. Once fitted, the H Ly-α profile was subtracted from the spectrum to leave only the Lyman and Werner H 2 band emissions. The spectral resolution of UVIS FUV channel is 0.8 Å pixel −1 , which is insufficient for the analysis of H Ly-α Doppler broadening, indicative of turbulence and bulk flows. In this study, we map the integrated brightness of H 2 and H Ly-α emissions.
Mapping uncertainties
In mapping Cassini UVIS emissions there are three principal sources of uncertainty. Firstly, there are inherent instrumental errors driven by flat-fielding and calibration producing a ∼10% uncertainty in the absolute calibration. Secondly, there are small errors associated with the calculations of the pointing of the spacecraft relative to Jupiter. Given the large volume of data used here, we expect the effect of this to be averaged out over time. Thirdly, since the spacecraft is far away from Jupiter, the spectrograph pixels are large on the body of the planet. This puts inherent limits on the accuracy to which we can determine the location of origin of emissions on the planet. These issues are mitigated by mapping a large number of pixels, and using a large mapping grid size.
Results and discussion
In this section we present the results of the mapping of the Cassini UVIS Jupiter flyby observations, analysing average morphologies of H Ly-α and H 2 emissions on the body of the planet. We sub-divide the observations into smaller temporal bins, analysing short-term variability on time-scales down to days, which is then correlated to solar H Ly-α variability. We then compare the H Ly-α distribution to the location the particle drift equator of four different Jupiter magnetic field models, followed by an analysis of the H Ly-α emissions as a function of local-time. Finally, we explore a possible mechanism by which the H Ly-α bulge can be produced.
H 2 emissions
The map of H 2 Lyman and Werner band emission derived from all available observations in Table 1 is shown in Fig. 4 . The emissions broadly follow the shape of the VIP 4 field model L-shells ( Connerney et al., 1998 ) , indicated as dotted and dot-dashed lines, clearly indicating that the majority of the H 2 emissions are produced by impact excitation by precipitating auroral electrons. This is the first map of Jupiter's aurora using Cassini UVIS observations. Despite the very low spatial resolution of the observations analysed here, the aurora has a shape broadly consistent to that observed by the HST in the same interval ( Nichols et al., 2007 ) .
The emission does not form a complete auroral oval at constant brightness, but is broken up, for which there are two principal reasons. Firstly, Fig. 4 is a temporally averaged view of the ultraviolet aurora over the course of the encounter, spanning over 2 months, during which the instantaneous brightness of the aurora was seen to vary by a factor of 2-4 ( Pryor et al., 2005 ) . Secondly, the high latitude region is subject to a much smaller S/N than lower latitudes, due to poor data coverage, as illustrated in Fig. 3 . The brightness of the derived H 2 emissions peaks at about 10 kR (whilst Fig. 4 is capped at 3 kR). This is significantly lower than the peak brightness observed by HST of about 250 kR, which observed intermittently during the Cassini Jupiter encounter ( Nichols et al., 2007 ) . The narrow arcs of auroral emission observed by the HST is here contained within large Cassini UVIS pixels, with the auroral component occupying only a small fraction of pixels. The fraction of a pixel occupied by auroral emission could reasonably be as small as a 4%, thus reducing the observed brightness by a factor of 25.
We derive an upper limit for the H 2 Lyman and Werner band brightness at equatorial latitudes of 290 R. This is lower than the upper limit of 500 R derived by McConnell et al. (1980) . If the electron excitation process was significant at low latitudes, then there would be a strong H 2 component there, which is here notably absent. This agrees with Stallard et al. (2015) , who observed no discernible infrared H ) is consistent with very little H 2 excitation, as both mechanisms require energetic electrons. This means that we expect only a very minor component of the H Ly-α brightness to be produced by electron excitation, commensurate with the level of H 2 excitation.
Dayside H Ly-α morphology
The brightness distribution of H Ly-α derived from the dayside pre-encounter data can be seen in Fig. 5 . There is a clear brightness enhancement between 60 °and 120 °longitude, peaking at 22 kR.
The H Ly-α distribution as a whole, does not appear to be aligned with the jovigraphic equator, but appears tilted to it, with a minima of about 15 °S at around 280 °longitude. At the peak brightness, the emission has a full-width-half-maximum (FWHM) of 94 °± 16 °latitude. The tilt of the distribution will be examined in more detail in Section 3.6 .
The brightness and morphology of the observations of H Ly-α emission from the disc of Jupiter obtained here agree well with pervious observations. Here, we obtain a peak dayside H Ly-α brightness of 22 kR: ( Clarke et al., 1980 ) observed ∼25 kR, observed 22 kR, ( Dessler et al., 1981 ) observed 23 kR, ( Skinner et al., 1988 ) observed 19 kR at solar maximum, and Gladstone et al. (2004) observed 21 kR. This tells us that the peak brightness of the bulge is relatively stable over at least two decades, or almost two jovian years.
Nightside H Ly-α morphology
The nightside latitude and longitude distribution of H Ly-α is seen in Fig. 6 , using only pixels that are completely contained on the night-side, derived by mapping the post-encounter observations in Table 1 . There is significant noise, but there is a clear enhancement about 100 °longitude, with a peak brightness of 1.5 kR, about 6% of the dayside bulge.
The presence of the H Ly-α bulge on the nightside is interesting. Here, the absence of sunlight means that solar resonance scatter cannot be responsible for producing the emissions. In addition, given that there are no significant H 2 emissions at the equator, as outlined in Section 3.1 , the nightside bulge cannot be produced by electron excitation. This means that on the nightside, H Ly-α is either produced by resonant scatter by interplanetary and interstellar emissions, or through chemical pathways, such as Eqs. (1) 
Temporal variability
Given the large volume of data in Table 1 , there is opportunity to sub-divide the observations into smaller temporal bins to investigate variability over time. In this section, we examine the temporal variability of the H Ly-α bulge on the time-scale of weeks to days, and correlate these with solar H Ly-α emissions. There is significant variability across all longitudes, with up to a 10 kR difference, e.g. between Group 1 and 3 at 100 °longitude. The variability is structured, however, with each week being offset from any other. This will be investigated further in Section 3.4.3 . Group 5 stands out in this set, with a less bright bulge region compared to the non-bulge region. The variability within this group is investigated in more detail in the next section. 6 . The spatial brightness distribution of H Ly-α as in Fig. 5 , but for post-encounter observations, which only includes Cassini UVIS pixels contained fully on the nightside, incorporating 34 h of exposure. Whilst much weaker than the dayside brightness ( Fig. 5 ) , an enhancement is still visible at about 100 °. Table 1 . The average profile is plotted as a bold. b) The de-trended brightness residuals of each profile once the average shape and offsets have been subtracted. The shaded region shows standard deviation of these profiles, giving de-trended variability of about ±1 kR, both in the bulge (right) and non-bulge region (left).
Variability on timescales of 25 days
Assuming that the offsets in Fig. 7 a are wholly correlated with solar H Ly-α, or some other mechanism that shifts the H Ly-α by a constant amount over all longitudes, we investigate the inherent variability of the H Ly-α longitude distribution. First, to remove the average shape of the bulge distribution, we subtract the mean profile (thick line) from each individual profile. Second, we subtract the mean of each profile as to remove the constant shifts produced by variability in the solar H Ly-α flux. The resulting detrended brightness residuals are shown in Fig. 7 b, with the shaded area showing the standard deviation for both the bulge and nonbulge regions. The variability in Fig. 7 b is about equal in the bulge region and the non-bulge region, 1.0 and 1.2 kR respectively.
In Fig. 7 , there is a longitudinal wave pattern present in the H Ly-α profiles with a wavelength of ∼60 °longitude, for which we can offer no good explanation. These profiles were derived using a minimum of 8.9 h of observations, and so we do not expect any major data artefacts, as these would have been averaged out. If this persistent pattern is real, it has the appearance of a standing wave of brightness along the equator. Group 5 in Fig. 7 (long-dashed) has a bulge that is less bright than the other groups, with a brightness of 18 kR, which is 75% of the observed peak brightness (Group 3). The mean minimum brightness of all profiles is 13 kR. Group 5 has a minimum brightness of 14 kR, indicating that during this interval, the bulge dimmed whilst the non-bulge region did not. The fact that the bulge and non-bulge region can vary independent of each other suggests that the mechanism that produces the H Ly-α asymmetric distribution can undergo significant changes over the period of days, and can vary as a function of longitude. Fig. 8 a shows the H Ly-α brightness for Groups 5a and 5b as a function of System III longitude, in the same manner as Fig. 7 . As outlined in the above section, the bulge is dimmed by up to 25% during this interval, compared to the longer interval that preceded it. Group 5a and 5b are depressed at about 0 °longitude due to poor data coverage. During the 5 days of data in Fig. 8 the bulge remains suppressed at about 18 kR, with much less variability between individual profiles compared to the 25 day interval. This is likely dependent on the prevailing solar H Ly-α flux, as explored in Section 3.4.3 .
Variability on timescales of 5 days
The standard deviation in the de-trended residuals in Fig. 8 b is greater in the bulge region compared to the non-bulge region, 1.24 and 1.0 kR respectively, rendering the bulge region more variable. This means that the mechanism that gives rise to the bulge asymmetry is more variable at the location of the bulge, where the H Ly-α is the brightest, at least on time-scales of days. This variability averaged out on the longer 25 day timescales as seen in Fig. 7 .
The fact that there is more variability where the H Ly-α brightness is largest reveals an intrinsic property of this region, and any proposed mechanism must be able to account for this feature. Emerich et al. (1996) also observed short-term variability, with the shape of the H Ly-α line profile changing on time-scales of minutes.
Correlation with solar H Ly-α
If the primary H Ly-α production mechanism is resonance scatter of solar H Ly-α, we expect there to be a direct relationship between the solar irradiance and the brightness at Jupiter as seen by Cassini UVIS. In this section we examine the relationship between the variability of Jupiter's H Ly-α bulge and solar H Ly-α flux.
The daily average solar H Ly-α brightness was measured by the SOLar STellar Irradiance Comparison Experiment instrument (SOL-STICE, Woods et al., 1996 ) with a peak of 6.1 × 10 15 m −2 s −1 . Fig. 9 shows the peak H Ly-α bulge brightness observed for Groups 1-4 and Groups 5a-5e as solid bars. The daily average of the H Ly-α solar flux observed at
Earth is shown as a dashed line and the horizontal lines show the average solar flux during each group. There is a very good correlation between solar flux observed at Earth and the peak H Ly-α emissions seen at Jupiter, with a correlation coefficient of + 0.76, indicative of a strong dependence. One reason for the correlation not being stronger may be that there is a 140 °separation between the Earth and Jupiter, and the emission from the Sun is not the same at all solar longitudes. Also note that the observations in Table 1 are not continuous throughout each week or day. Skinner et al. (1988) found a correlation coefficient between solar H Ly-α flux and bulge brightness of + 0.84, slightly higher than derived here. They did not compare directly observed solar H Ly-α flux, but used a 7 day rolling average of the number derived from the He I 1.08 μm proxy. Here, we investigate the one to one relationship between solar and bulge brightness. Regardless, it is clear 1 http://lasp.colorado.edu/home/solstice/ . Table 1 ), whilst the solid bars is derived using post-encounter pixels completely confined on the nightside of the planet. Due to the spacecraft trajectory during the encounter, there is no data coverage in the early morning sector.
that with such a good correlation between solar H Ly-α flux and H Ly-α bulge brightness, the dominant H Ly-α production mechanism is solar resonant scatter. This is consistent with the absence of any significant H 2 emission at low latitudes ( Fig. 4 ) .
Local-time distribution
The observations in Table 1 can also be mapped onto a latitude and local-time grid. The equatorial H Ly-α distribution of all the observations (solid line) and the post-encounter nightside observations (solid bars), is shown in Fig. 10 . The nightside of the planet is shaded grey. There is a data gap in the pre-dawn sector, this region was not visible to Cassini during the Jupiter flyby. Fig. 10 shows a clear dayside enhancement, consistent with solar resonance scatter being the dominant production mechanism. There is a peak about noon, but the brightness falls off faster post noon than it ramps up before it. At dawn and dusk, there are pixels that traverse the terminator of the planet (i.e. the dawn and dusk meridians), having the effect of brightness being recorded as appearing just pre-dawn and post-dusk. Interpreting the local-time profile is made more complicated by the fact that it is also subject to the rotating H Ly-α bulge enhancement, which is fixed in longitude. It should also be noted that our cosine approximation in correcting for the centre of planet to limb H Ly-α brightness variations could have the effect of enhancing emissions at the limb. However, whilst the pre-encounter observations are obtained with the spacecraft close to local noon (see Fig. 1 ), the post-encounter observations are obtained with the spacecraft at a local time of ∼21:00, which means that the post-dusk sector is not subject to a harsh cosine correction.
H + 3
lifetime As the equatorial upper atmosphere of Jupiter rotates out of view from the Sun at dusk, the H Ly-α solar resonance scatter process switches off. Fig. 10 shows a decrease of the H Ly-α flux away from the dusk meridian, reaching a value of 0.2 kR after midnight. This constant component is produced by interplanetary and interstellar H Ly-α resonance scatter, and we expect this to be constant across the nightside disc of Jupiter.
Having ruled out solar resonance scatter and electron excitation, the H Ly-α falloff after dusk must be produced via a chemical pathway. These are the dissociative excitation of H 2 and dissociative recombination of H + 3
(Reactions 1 and 2 ). However, as seen in Section 3.1 , there is very little H 2 emissions at equatorial latitudes, ruling out Eq. (2) as it requires electron excitation. We Table 2 . Also shown is the latitude of the particle drift equator (i.e. where the magnetic field lines are parallel to Jupiter's 'surface') as a function of longitude for four jovian magnetic field models. The more recent models improve upon the high latitude field mapping using the auroral footprints of the Galilean moons. The true location of the particle drift equator is clearly poorly constrained by the models. therefore expect the component of H Ly-α produced on the nightside to be dominated by the dissociative recombination of H Achilleos et al., 1998 ) . Using an H + 3 recombination rate constant of 10 −12 m 3 s −1 ( Leu et al., 1973 ), we derive an electron density of 1.7 × 10 9 m −3 . This is effectively the electron density near the H + 3 density peak and is consistent with ( Achilleos et al., 1998 ) , and is about 200 times smaller than the peak value observed by Voyager 2 radio occultation measurements at 66 °S ( Hinson et al., 1998 ) , contained in very sharp layers. Note that the value for the electron density derived here is longitude averaged, and we are unable to make any declarative statement about the electron density of the bulge relative to the non-bulge.
Alignment with the magnetic equator
The latitude and longitude location of the peak H Ly-α brightness of Fig. 5 is shown in Fig. 11 , and is tabulated in Table 2 . The distribution is clearly not aligned along the jovigraphic equator, but is tilted away from it. Both ( Clarke et al., 1981 ) and Dessler et al. (1981) mapped the H Ly-α emission, noting that it was clearly fixed in System III longitude. Dessler et al. (1981) used the magnetic field model of Acuna and Ness (1976) to investigate the spatial overlap between the H Ly-α distribution and the particle drift equator. Since these studies, the magnetic mapping has been significantly improved using observations of the auroral footprints of the Galilean moons ( Connerney, 2007; Connerney et al., 1998; Hess et al., 2011 ) . Fig. 11 also shows the location of the particle drift equator for four different field models: the O 4 model ( Acuna and Ness, 1976 ) , the VIP4 model ( Connerney et al., 1998 ) , the VIT4 model ( Connerney, 2007 ) , and the VIPAL model ( Hess et al., 2011 ) . It is readily apparent that the magnetic drift equator is poorly constrained in these models, with differences in the location of up to ∼50 °of latitude at ∼300 °longitude. Consequently, the quality of the correlation between the location of the H Ly-α bulge and the magnetic drift equator is strongly dependent on the magnetic field model used. The correlation coefficients are 0.77 for O 4 , 0.24 Table 2 The latitude ( φ) and System III longitude ( θ) location of the peak H Ly-α brightness on the body of Jupiter, for the preencounter dayside observations, shown in Fig. 5 . The width of each longitude bin is 15 °(e.g. the first bin covers 0 °≤ φ < 15 °).
for VIP4, 0.32 for VIT4, and -0.04 for VIPAL. This indicates a strong correlation for the O 4 model and no correlation at all for the VIPAL model. Therefore, unlike Dessler et al., 1981 , we cannot unambiguously conclude that the H Ly-α brightness is distributed along the particle drift equator. It may not be a coincidence that the field model that relies least on constraints from observations of auroral morphologies has the strongest correlation.
In the observations presented here it is unambiguously clear that the H Ly-α bulge in Fig. 5 is not aligned with the jovigraphic equator, but is instead tilted away from it. It is also highly structured in System III magnetic longitude. This strongly suggests that the bulge is driven by a process intrinsically linked to the magnetic field. If the low-to-mid latitude H Ly-α emissions are indeed generated on the particle drift equator, then these observations can be used to constrain existing magnetic fields models, adding an important equatorial constraint. Note that the H Ly-α emission appears aligned with the particle drift equator at all longitudes, not just at bulge longitudes.
How is the H Ly-α bulge produced?
It is, as of yet, unclear what drives the production of Jupiter's H Ly-α bulge. We have the following pieces of evidence:
1. It is strongly correlated with solar H Ly-α flux, supporting the notion that the dominant H Ly-α emission mechanism is solar resonance scatter (this work; Skinner et al., 1988 , producing H Ly-α emissions that fall off post-dusk. This is consistent with electron impact being a minor excitation mechanism at the equator (this work; McConnell et al., 1980 ) . 2. It is highly structured by magnetic System III longitude and does not follow the jovigraphic equator (e.g. this work; Clarke et al., 1980; Sandel et al., 1980 ) . Depending on which magnetic field model the H Ly-α distribution is compared to, the emission may be coincident with the particle drift equator (this work; Dessler et al., 1981 ) . Taken together, this implies a strong link between the H Ly-α emissions and the magnetic field. 3. Emission at the bulge has a broadened H Ly-α line profile ( Clarke et al., 1991 ) , which implies either a small superthermal component or intense wind fields, predicted to be in the order of ∼5 km s −1 ( Sommeria et al., 1995 ) . Since the wings of the H Ly-α line are not subject to significant self absorption the efficiency of the resonant scatter process is increased ( Ben Jaffel et al., 2007 ) , and the bulge need not, at least in part, represent an enhancement in the density of hydrogen.
An additional important constraint, hitherto largely overlooked, is provided by Lam et al. (1997) recombination rate constant (e.g. Larsson et al., 2008 ) . Hence, in order to increase the recombination of H + 3 (i.e. increase the loss rate) and drive the production of atomic hydrogen, the H Ly-α bulge region needs to have an elevated electron density, at the H + 3 altitude, compared to other longitudes. Given that the energetics of this reaction remains unknown ( Clarke et al., 1991 ) , it is possible that the H + 3 recombination reaction could produce energetic products that would populate the H Ly-α wings, in line with the observations of H Ly-α broadening at the location of the bulge ( Clarke et al., 1991; Emerich et al., 1996 ) . This requires an enhancement of soft electrons at the H + 3 altitude, as to not produce any significant levels of H 2 excitation. Fig. 11 shows that the entire H Ly-α distribution is tilted away from the jovigraphic equator, suggesting that the production of H Ly-α is linked to the magnetic field at all longitudes. At the longitude of the bulge this mechanism may be enhanced relative to the non-bulge. At the particle drift equator, the electrodynamic E × B drift is aligned along the surface normal, upwards for electrons and downward for ions. At Earth, this produces the equatorial plasma fountain (e.g. Balan and Bailey, 1995 ) . The density of H + 3 ions peaks at about 550 km above the 1 bar level ( Melin et al., 2005 ) whereas the electron density is distributed in sharp layers, contained between 300 and 2,000 km ( Hinson et al., 1998 ) . It is conceivable that the E × B force could merge high concentrations of H + 3 and electrons together, greatly enhancing the electron recombination rate of H + 3
. If the H + 3 recombination reaction produces energetic atomic hydrogen which emits H Ly-α in the line wings via solar resonance scatter, then the hydrogen density enhancement need not be large. In this case, the variability of the H Ly-α flux along System III longitudes is driven by differences in the magnetic field strength along the particle drift equator. Further study is required to explore this mechanisms in detail.
Summary
The Cassini UVIS observations of Jupiter's low to mid latitude FUV emissions has revealed the H Ly-α to be a persistent feature of the upper atmosphere. We observed a brightness enhancement between 90 and 120 °System III longitude, peaking at 22 kR. There is a strong correlation between the observed peak bulge brightness and solar H Ly-α brightness indicating that that resonant scatter is the dominant production mechanism for H Ly-α emissions. Projecting the data to local-time has shown that the H Ly-α profile drops off slowly after dusk, revealing a component of H Ly-α produced via the dissociative electron recombination of H + 3
. Using this profile, we derive an H + 3 lifetime of 1.6 ± 0.4 h at the equator, and calculate an electron density of 1.7 × 10 9 m −3 .
We propose that the H Ly-α bulge is driven by electron recombination of H + 3 in which H + 3 is lost and H is produced. This requires an enhanced flux of soft electrons at the location of the bulge, which could be driven by an E × B drift at the particle drift equator, merging dense layers of H + 3 and electrons. It is clear that the H Ly-α bulge remains a mystery, even in the post-Cassini era. Future observations at higher spatial resolution, and at higher spectral resolution can add significantly to our understanding of this enigmatic feature.
